Since there is evidence that paradoxical sleep deprivation (PSD) elicits penile erection (PE) and ejaculation (EJ), and that the erectile response of rats is mediated by nitric oxide, the present study sought to extend the latter finding by assessing the effects of sildenafil on the genital reflexes of male Wistar rats subjected to PSD. We also determined the influence of sildenafil on hormone concentrations. In the first experiment, sildenafil at doses ranging from 0.08 to 0.32 mg/ kg was administered intraperitoneally to rats that had been deprived of sleep for 4 days and to home cage controls (N = 8-10/group). The frequency of PE and EJ was measured for 60 min. PSD alone induced PE in 50% of the animals; however, a single injection of sildenafil did not significantly increase the percentage of rats displaying PE compared to PSD-saline or to home cage groups. PSD alone also induced spontaneous EJ, but this response was not potentiated by sildenafil in the dose range tested. Testosterone concentrations were significantly lower in PSD rats (137 ± 22 ng/dL) than in controls (365 ± 38 ng/dL), whereas progesterone (0.9 ± 0.1 vs 5.4 ± 1 ng/mL) and plasma dopamine (103.4 ± 30 vs 262.6 ± 77 pg/mL) increased. These changes did not occur after sildenafil treatment. The data show that although sildenafil did not alter the frequency of genital reflexes, it antagonized hormonal (testosterone and progesterone) and plasma dopamine changes induced by PSD. The stimulation of the genital reflexes by sildenafil did not result in potentiating effects in PSD rats.
Introduction
It has been suggested that nitric oxide (NO) is the primary physiological mediator of penile erection (PE) (1, 2) . Several investigators have shown that PE induced by electrical stimulation of the pelvic plexus cavernous nerve was prevented by inhibitors of NO synthase, which synthesizes the transmitter/modulator NO (3) in several tissues (4) , including brain (5) . It is generally accepted that NO originates in nonadrenergic noncholinergic nerve fibers of the penis, and is the principal vasodilator during the erectile response (6) . This response is abolished by systemic and intracerebroventricular administration of NO synthase inhibitors (6) .
Sildenafil citrate (Viagra ® , Pfizer, New York, NY, USA) is an oral medication considered to be a first-line therapy for erectile dysfunction. It enables an erection in response to sexual stimulation through selec-M.L. Andersen et al. www.bjournal.com.br tive inhibition of cyclic GMP-specific phosphodiesterase type 5 (7) . Erections occur through sexual stimulation of the parasympathetic nervous system leading to release of NO, a powerful vasodilator derived from the endothelial cells lining the corpus cavernosum. NO produces cyclic GMP, which causes the smooth muscle of the corpus cavernosum to relax and fill with arterial blood, thus producing the erection (8) .
Sleep loss is associated with several behavioral responses, some of which are under hormonal control and include sexual behavior. We recently reported data showing that paradoxical sleep deprivation (PSD) elicited genital reflexes (penile erection and ejaculation) in male rats and that these behaviors were potentiated by a single injection of dopaminergic agents (9, 10) . Moreover, the study of genital reflexes induced in PSD rats in the absence of receptive females seems to be a good model for the penile erection response to different drugs such as cocaine (11, 12) . Specifically, the direct application of cocaine to the corpus cavernosum of the penis increases and prolongs intracavernous pressure in the rat, and the higher intracavernous pressure caused by cocaine has been hypothesized to be mediated by NO within the corpus cavernosum (13) .
Based on findings that cocaine (11, 12 ) and apomorphine, used as a therapeutic strategy for erectile dysfunction (13), potentiated genital reflexes in PSD rats (9) , and further, that cocaine-induced penile erection is mediated by NO (14), on which sildenafil acts, the objective of the present study was to investigate, by administering sildenafil, whether the NO mechanism is involved in penile erection, ejaculation, and the hormonal changes promoted by PSD.
Material and Methods

Subjects
Three-month-old male Wistar rats from our facilities were used in this experiment. The vivarium was maintained on a 12-h light/dark cycle (lights on from 7:00-19:00 h) at an ambient temperature of 22ºC. Laboratory chow and water were provided ad libitum. All procedures used in the present study complied with the Guide for the Care and Use of Laboratory Animals, and the experimental protocol was approved by the Ethics Committee of UNIFESP (CEP #206/ 02).
Paradoxical sleep deprivation
The PSD method is based on the use of 14 narrow circular platforms (6.5 cm in diameter) placed inside a tilted tank (123 x 44 x 44 cm) filled with water up to within 1 cm from the rim of the platforms. The animals were placed on the top of the platforms and were able to move around by leaping from one platform to another. Each group was placed in one tank. When they reached the paradoxical phase of sleep, they fell into the water due to muscle atonia and woke up. When choosing this technique our intention was to evaluate genital reflexes that would reflect a predominant suppression of paradoxical phase of sleep over 4 days. Throughout the study, the experimental room was maintained under controlled temperature (22 ± 1ºC) and a 12-h light-dark cycle (lights on at 7:00 and off at 19:00 h). Food and water were provided ad libitum by placing chow pellets and water bottles on a grid located on the top of the tank. The water in the tank was changed daily throughout the PSD period. The duration of 96 h of PSD was chosen since it has been shown that most genital reflexes are produced during this time span (11) .
Experimental protocols
Immediately after the end of the 96-h period, the animals (PSD and controls, N = 8-10/group) were injected with saline or sil-denafil (0.08; 0.16, and 0.32 mg/kg, ip) dissolved in saline and then placed in a transparent cylindrical cage (32 cm in diameter and 30 cm in height). The numbers of spontaneous penile erections and ejaculations were assessed for 60 min. Penile erection was counted only when the rat displayed its penis and bent down to lick it in full erection. The behavioral observations were carried out between 9:00 and 11:00 h, according to the procedure followed in a previous study by our group (12) . Different groups of rats and different cages were used in each series of experiments and cages were cleaned thoroughly after each test.
Blood sampling and hormone determination
After the experiment, the animals were sacrificed individually by decapitation with a minimum of disturbance in an adjacent room. Blood was collected into glass tubes and centrifuged at 3500 rpm for 10 min to obtain samples of serum or plasma. The samples were maintained at -20ºC until the assays. The intra-assay coefficient variations are given in parentheses. Testosterone concentration (6.7%) was measured by a chemiluminescent immunometric assay (Immulite Automated Analyses-Diagnostic Products Corporation, Los Angeles, CA, USA), with a detection limit of 10 ng/dL. Progesterone (6.5%) was measured by competitive immunoassay (TOSOH Corporation, Tokyo, Japan) and the minimal detectable concentration was 0.1 ng/mL. Plasma dopamine (DA) concentrations were determined by ion-pairing reverse phase liquid chromatography coupled with electrochemical detection (15) . High-performance liquid chromatography was performed with an instrument (Shimadzu Corporation, Kyoto, Japan) consisting of one LC-10AD VP pump, and one L-ECE-6A electrochemical detector. The detection limit obtained was 40 to 50 pg/mL. All analyses were performed in accordance with our previous study (16) and in duplicate.
Statistical analysis
Statistical analysis of the percentages of rats displaying penile erection and ejaculation was analyzed by the two-tailed Fisher test to assess differences between groups. Hormonal data were subjected to analysis of variance (two-way ANOVA test using dose (saline vs sildenafil) and deprivation (control vs PSD) as factors), followed by the Duncan test for comparison between groups. Data are reported as mean ± SEM. The level of significance was set at P < 0.05. Figure 1 shows the results of the statistical analysis. Five of 10 PSD-saline rats displayed penile erections and 2 of 10 ejaculated. This proportion of penile erection differed from that of home cage rats injected with saline (P < 0.03). A single injection of sildenafil at doses ranging from 0.08 to 0.32 mg/kg did not significantly alter the percentage of rats displaying penile erection compared to PSD-saline or to control groups (Fisher test).
Results
Experiment 1. Effect of sildenafil on genital reflexes
The effects promoted by the lower sildenafil doses (0.08 and 0.16 mg/kg) injected into the PSD rats did not differ from those of the control group (P > 0.08). An acute sildenafil injection at the dose of 0.32 mg/kg in PSD rats led to only two in 10 rats displaying penile erection, a result that was not statistically significant. No genital reflexes were observed in control rats.
Experiment 2. Effect of PSD and sildenafil on hormone concentrations
The testosterone values are presented in Figure 2A . Statistical evaluation by twoway ANOVA revealed only significant effects of dose (F 3,53 = 2.93, P < 0.04) but not Figure 1 . Effect of acute sildenafil administration to paradoxical sleep-deprived (PSD) or home cage-maintained (control) rats on genital reflexes (penile erection, PE, and ejaculation, EJ). The dose of sildenafil is given below the columns in mg/kg. *P < 0.05 compared to the control group (ANOVA). Figure 2 . Serum testosterone (ng/dL, A) and progesterone (ng/mL, B) concentrations in control (control) and paradoxical sleep-deprived (PSD) animals after saline or sildenafil injection. The dose of sildenafil is given below the columns in mg/kg. Data are reported as means ± SEM. *P < 0.05 compared to the control group; + P < 0.05 compared to the PSD-sildenafil groups (ANOVA).
Sildenafil and genital reflexes in PSD rats www.bjournal.com.br of deprivation or interaction (P > 0.05). The a posteriori test indicated that PSD significantly reduced the testosterone values in saline-injected rats compared to the respective controls (P < 0.03). However, all doses of sildenafil prevented the reduction of testosterone concentrations observed after PSD compared to the respective control group. Two-way ANOVA revealed significant effects of dose (F 3,53 = 4.09, P < 0.01) and deprivation (F 1,53 = 10.77, P < 0.001). The post hoc Duncan test revealed that the PSDsaline group differed from the respective control group (P < 0.001) and from the other PSD-sildenafil-treated rats (P < 0.01). There was no significant difference between PSD rats and their respective control groups for each dose of sildenafil. The progesterone values are shown in Figure 2B . Figure 3 depicts the plasma DA concentrations of control and PSD rats pretreated with saline and different sildenafil doses. Two-way ANOVA revealed significant effects of dose (F 3,53 = 3.05, P < 0.03) and deprivation (F 1,53 = 6.93, P < 0.01). The post hoc Duncan test revealed that the PSD-saline group exhibited higher concentrations of DA compared to its control-saline group (P < 0.001). Statistical analysis revealed that sildenafil did not produce a significant effect at any of the three doses tested.
Discussion
In the present study, we report the effects of PSD as an isolated factor on the occurrence of genital reflexes in male rats and corroborate previously findings showing that 50% of sleep-deprived rats displayed penile erection and 20% of them ejaculated (17) . Nevertheless, sildenafil at the doses used in the present study led to loss of statistical significance in the frequency of penile erection, and antagonized the hormonal (18) and plasma DA changes induced by PSD. The effects of sildenafil were antagonistic to those of PSD and appeared to be responsible for the loss of significance in penile erection frequency.
Ferrari et al. (19) reported that penile erection occurred in sexually experienced (SE) rats injected with 1 mg/kg sildenafil even in the absence of a female, while no significant effect was observed in sexually inexperienced males, as used in our protocol design. However, it should be noted that SE rats had undergone prior mating tests. A plausible explanation for these findings may be the dose used and also the experimental environment, i.e., the observation cages where SE rats had previously performed several mating tests. It has been reported that the specific conditions under which an animal is exposed to a drug and/or natural incentive contribute in the development of "sensitization" that results in a subsequent greater response (20) . In men, in the absence of sexual stimulation, sildenafil at the recommended doses has no effect on sexual desire or libido (21) . In our model, sexually inexperienced males were placed individually in cages in the absence of sexual stimuli. Presumably, it could be expected that PSDinduced penile erection does not override the effect of sildenafil in the absence of www.bjournal.com.br sexual stimuli triggered by the presence of a female. Under the conditions of our experimental design, genital reflexes remained unchanged after sildenafil treatment in comparison to the PSD-saline group, indicating that the stimulation of the genital reflexes by sildenafil did not result in potentiating effects in PSD animals. The statistical difference between PSD and control rats, both injected with sildenafil, did not represent a drug response but rather a sleep deprivationinduced effect, since the same frequencies that occurred in the untreated and sildenafiltreated PSD groups were observed.
Regarding the hormonal evaluation of testosterone and progesterone, two steroid hormones involved in the regulation of sexual behavior, acute sildenafil administration did not result in any statistical differences between control and PSD groups, whereas sleep deprivation was sufficient to induce a marked alteration (22) in these hormones, as shown in our previous studies (12, 16, 18) . Indeed, sildenafil prevented not only the reduction of testosterone but also the increase of progesterone concentrations observed in PSD rats. In fact, the effects of testosterone on male sexual motivational have been recognized (23) , whereas the physiological role of progesterone in male sexual behavior is less clearly understood (18) . In this context, sleepdeprived rats showed significantly lower testosterone concentrations, indicating that testosterone per se cannot be considered to be the main factor governing the genital behaviors observed in the PSD groups, as previously reported. This also indicates that the action of sildenafil is dependent on testosterone, as pointed out by Ottani et al. (24) . Thus, the normalization of testosterone concentrations induced by sildenafil may be considered to be incompatible with the penile erection induced by PSD. These data lead to the interpretation that penile erection as a consequence of PSD is governed by an inducing mechanism other than that of sildenafil, i.e., the first would be testosterone independent (as observed in prior investigations by our group and leading to the hypothesis concerning the relevance of progesterone), while the mechanism governing the effects of sildenafil would be testosterone dependent. Since in PSD subjects penile erection occurs at low testosterone concentrations, whose normalization by sildenafil causes the frequency of penile erection lose its statistical significance, it can be deduced that testosterone reduction in PSD is a permissive factor that bears weight on the inducing action of penile erection by yet another factor, most likely progesterone. The choice of using doses lower than those normally described in the literature can be ascribed to the intention of verifying potentiation without the interference of the ceiling effect (the dose of 1 mg/kg sildenafil induces erection in 80% of SE rats) (19) . Any increase in this percentage (potentiation) would not be detected by statistical analysis since it would be too close to the 100% limit. Of note, the doses used here seem to have been the right ones since they permitted the confirmation of underlying mechanisms. Nevertheless, one should not ignore the possibility of higher doses of sildenafil unleashing the full intensity of its erection mechanisms and overriding the effects of sleep deprivation, even when these have their own independent mechanisms.
Based on the evidence that DA is the main neurotransmitter of sexual behaviors (25) (26) (27) , and its release is modulated by NO (28,29), Ferrari et al. (19) reported that pretreatment of SE rats with 1 mg/kg sildenafil potentiated the penile erection induced by the DA agonists, indicating that sildenafil might play a facilitatory role in sexual responses, further augmenting DA stimulation provoked by the expectation of copulatory behavior in SE rats (30) . In addition, sildenafil increased and prolonged apomorphineevoked intracavernous pressure in the rat, thus suggesting a possible combination of the two drugs for the management of erectile Sildenafil and genital reflexes in PSD rats www.bjournal.com.br dysfunctions (31) . As can be seen in Figure  3 , plasma DA levels did not differ between control and sleep-deprived subjects in the sildenafil-treated groups. The only significant effect detected was between the control and PSD-saline groups, which led to an increase of DA concentrations in PSD animals (103.4 ± 30.7 vs 262.6 ± 77.7 pg/mL), as also shown in our previous studies.
Concerning the magnitude of the effects, the PSD method seems to exert a favorable effect on male genital reflexes. Together with our previous data in this series of experiments (9) (10) (11) (12) , the present observations support the notion that this sexual behavioral effect is a consequence of the changes in the levels of several brain monoamines and subsequent physiological alterations induced by sleep deprivation. Although additional factors must be involved in such a complex phenomenon like sexual behavior, this study adds evidence about some factors involved in genital reflexes induced by PSD in males. Testosterone, progesterone and DA may represent relevant factors that exert influence on genital reflexes in PSD males.
Our results suggest that, although sildenafil did not potentiate erection or ejaculation in PSD rats, the stimulating effects of PSD associated with cocaine on erection can be modified by alterations in the NO system (32) . Moreover, sildenafil prevented the hormonal alterations induced by sleep deprivation. Additional studies are underway in our laboratory to elucidate the role of NO and DA in genital reflexes displayed by sleepdeprived rats.
